Many laboratory studies have documented that mercury can be toxic to fish, but it is 19 largely unknown if mercury is toxic to fish in their natural environments. The objective of our 20 study was to investigate the toxic effects of mercury on northern pike (Esox lucius) at Isle 21 Royale, Michigan. In 124 northern pike from eight inland lakes, concentrations of total mercury 22 in skin-on fillets ranged from 0.069 to 0.622 !g/g wet wt. Concentrations of total mercury in 23 livers increased exponentially compared with concentrations in fillets, to a maximum of 3.1 !g/g 24 wet wt. Methylmercury constituted a majority of the mercury in livers with total mercury 25 concentrations <0.5 !g/g wet wt, but declined to 28-51% of the mercury in livers with total 26 mercury concentrations >0.5 !g/g wet wt. Liver color (absorbance at 400 nm) varied among 27 northern pike and was positively related to liver total mercury concentration. The pigment 28 causing variation in liver color was identified as lipofuscin, which results from lipid peroxidation 29 of membranous organelles. An analysis of covariance revealed lipofuscin accumulation was 30 primarily associated with mercury exposure, and this association obscured any normal 31 accumulation from aging. We also documented decreased lipid reserves in livers and poor 32 condition factors of northern pike with high liver total mercury concentrations. Our results 33 suggest (i) northern pike at Isle Royale are experiencing toxicity at concentrations of total 34 mercury common for northern pike and other piscivorous fish elsewhere in North America and 35
in skin-on fillets ranged from 0.069 to 0.622 !g/g wet wt. Concentrations of total mercury in 23 livers increased exponentially compared with concentrations in fillets, to a maximum of 3.1 !g/g 24 wet wt. Methylmercury constituted a majority of the mercury in livers with total mercury 25 concentrations <0.5 !g/g wet wt, but declined to 28-51% of the mercury in livers with total 26 mercury concentrations >0.5 !g/g wet wt. Liver color (absorbance at 400 nm) varied among 27 northern pike and was positively related to liver total mercury concentration. The pigment 28 causing variation in liver color was identified as lipofuscin, which results from lipid peroxidation 29 of membranous organelles. An analysis of covariance revealed lipofuscin accumulation was 30 primarily associated with mercury exposure, and this association obscured any normal 31 accumulation from aging. We also documented decreased lipid reserves in livers and poor 32 condition factors of northern pike with high liver total mercury concentrations. Our results 33 suggest (i) northern pike at Isle Royale are experiencing toxicity at concentrations of total 34 mercury common for northern pike and other piscivorous fish elsewhere in North America and 35
(ii) liver color may be useful for indicating mercury exposure and effects in northern pike at Isle 36
Introduction 40 41
Many laboratory studies have documented that mercury can be toxic to fish. Early 42 studies reported effects on survival and growth, but fish were exposed to inorganic mercury or 43 methylmercury (MeHg) in water at unrealistically high concentrations (Wiener and Spry, 1996) . 44 It has since been discovered that nearly all mercury in wild fish is MeHg (Bloom, 1992) , and 45
MeHg is accumulated almost entirely via dietary uptake (Hall et al, 1997) . There is now a 46 growing body of evidence that suggests reproduction of fish is impaired by exposure to dietary 47
MeHg at concentrations reported for many aquatic food webs in North America (e. fish in remote aquatic systems (Wiener et al., 2007) , where atmospheric deposition is the 66 principal source of mercury (Fitzgerald et al., 1998) . 67
The objective of our study was to investigate the toxic effects of MeHg on a top 68 piscivorous fish species, the northern pike (Esox lucius), in lakes of Isle Royale, Michigan. Isle 69
Royale is a protected island ecosystem in Lake Superior that receives mercury almost entirely 70 4 from atmospheric deposition (Woodruff et al, 2003 
Liver Toxicity 121 122
During fish dissection, we serendipitously observed differences in liver color among 123 northern pike, and developed a method to quantitatively measure this variation. A 100 mg piece 124 of liver was homogenized in 1 mL water, 0.2 mL chloroform were added, and the mixture was 125 centrifuged for 15 min at 12,000 rpm. An aliquot of the supernatant was transferred to a 126 microplate well and measured for absorbance at 400 nm with a spectrophotometer. It was 127 determined during methods development that 400 nm was the wavelength with maximum 128 absorbance for the supernatant. Each liver was analyzed in duplicate, and the results were 129 deemed acceptable if the relative standard deviation between duplicates was <15%. 130
Ten formalin-preserved livers (subsamples from the same northern pike that were 131 analyzed for MeHg) were viewed for histopathology and to identify the substance that caused 132 6 some livers to appear darkly colored. Livers were randomly assigned a unique random number 133 to facilitate blind study, embedded in paraffin, cut into 6 !m sections, and mounted on glass 134 slides (Presnell and Schreibman, 1997). One slide from each liver was deparaffinized, 135 rehydrated, and stained with hematoxylin and eosin (Presnell and Schreibman, 1997). All slides 136
were randomly assigned to one of two staining racks and stained in the same solution batches. Least-squares, stepwise multiple, and quantile regression models were used to describe 159 relationships between and among variables. Quantile regression was appropriately used for data 160 with wedge-shaped distributions (Cade and Noon, 2003). The largest quantile for which the 161 slope was statistically significant from zero (P <0.05) was chosen. Analysis of covariance 162 (ANCOVA) was used to test for the effect of liver total mercury concentration on liver color,7 with age as a covariate. Except for stepwise multiple regression, data were transformed (log 10 164 transformation for liver color, total mercury concentration in fillet and liver, and liver-to-fillet 165 total mercury ratio; arcsine square root transformation for condition factor, quantitative 166 lipofuscin data, and % MeHg of total mercury) to meet the assumptions of normality and 167 homogeneity of variance. Data were not transformed for stepwise multiple regression for ease of 168 interpretation. A type I error (") of 0.05 was used to judge the significance of statistical tests. 169 that the concentration of total mercury in a liver will be less than or similar to that in the fillet 188 when the concentration in the fillet is <0.5 !g/g wet wt. Conversely, when the concentration of 189 total mercury in a fillet is >0.5 !g/g wet wt, the concentration in the liver will be greater than that 190 of the fillet. This prediction largely holds true for our data. It is unknown, however, why this 191 exponential increase occurs. Mercury speciation may be important for understanding the cause. We identified lipofuscin as the major pigment in darkly-colored livers. Lipofuscin was 229 visible with light (Fig. 2C) and fluorescence (Fig. 2D) microscopy, and the quantitative 230 lipofuscin data (Fig. 2E) explained 81% of the variation in liver color (least-squares regression, 231 r 2 = 0.81, P = 0.006, n = 7). Only seven of the ten livers viewed for histopathology were 232 quantified for lipofuscin because livers were overfixed, which made quantification difficult. 233
Lipofuscin is a pigment that results from lipid peroxidation (i.e., oxidative stress) of membranous 234 organelles and also is called the "pigment of aging", as it also accumulates in cells as a result of 235 age-related processes (Porta, 1989). Accordingly, ANCOVA was used to test the influence of 236 liver total mercury concentration on liver color with age as a covariate. In the ANCOVA model, 237 liver total mercury concentration still had a significant effect on liver color (F 1,107 = 5.372, P = 238 0.022) but age did not ( (Wiener and Spry, 1996) . Although supported, this 257 argument is speculative and more research should be conducted on the roles of MeHg and 258 inorganic mercury in liver toxicity. 259
Fish health, as suggested by condition factor, was related inversely to total mercury in 260 livers of Isle Royale northern pike (Fig. 3) . Accordingly, fish with elevated levels of total 261 mercury in the liver generally had more lipofuscin granules and decreased lipid reserves in the 262 liver, and their overall condition was impaired. As is typical when oxidative stress in livers of wild fish. We extend that observation by reporting liver toxicity 315 directly resulting from that oxidative stress. We previously linked oxidative stress to decreased 316 hormone production and, consequently, inhibited reproduction in fathead minnows (Pimephales 317 promelas) exposed to dietary MeHg (Drevnick et al., 2006b). Thus, mercury exposures 318 
